Abstract-The characteristics of superprecipitation of uterine myosin B from 170-estradiol-3-benzoate-treated rats and the effects of L-methionine and/or 3-deazaadenosine (3-DAA) plus homocysteine thiolactone (HCTL) on the reaction were investigated. The slope and plateau phases of the superprecipitation were dependent on ATP, calcium and magnesium. The calmodulin antagonists, tri fluoperazine and N-(6-aminohexyl)-5-chloro-1-naphthalene sulfonamide, inhib
The contractile response of a muscle is a useful method for pharmacological studies on the effect of a drug. However, when people perform further investigations to clarify the mechanisms by which the drug affects the contractile response of the muscle, it is necessary to study several aspects of the muscle, for instance, agonist receptor, Ca2+
Abbreviations: ACh, acetylcholine; Ca-depleted Ringer, Ca-depleted modified Locke-Ringer; 3-DAA, 3-deazaadenosine; HCTL, homocysteine thiolactone; SAM, S-adenosyl-L-methionine; estradiol, 178 estradiol-3-benzoate;
DTT, DL-dithiothreitol; EGTA, ethylene glycol -bis ((9-aminoethyl ether) N, N-tetra acetic acid; TFP, trifluoperazine; W-7, N-(6-amino hexyl)-5-chloro-1 -naphthalene sulfonamide; SDS PAGE, SDS-polyacrylamide gel electrophoresis. channels, intracellular Ca2+ pool, and con tractile systems such as actin-myosin protein.
Recently, we found that L-methionine enhanced the contractile responses of isolated rat uterine muscle to ACh and high KCI in Ca-depleted Ringer's solution on the addition of CaC12, and we observed that L methionine attenuated the inhibitory effect of 3-DAA plus HCTL, blockers of SAM dependent transmethylation (1-3), on the contractile response under this condition (4, 5). We also suggested that the enhancing effect of L-methionine could be explained by an increase and/or decrease of several steps in stimulation-contraction coupling in the uterine muscle: for example, 1) Increase in release from the muscle of a substance(s) that facilitates the contractile responses to ACh and high KCI, 2) Increase in the ac cessibility and/or the number of ACh receptors in the muscle, 3) Unmasking of ACh receptors in the muscle, 4) Change of a step(s) that increases the concentration of free Ca2+ in the muscle cytosol, and 5) Improvement of the contractile system in the muscle, because the contractile responses of the muscle to ACh and high KCI were used as indicators of Ca2+ influxes through ACh and voltage-operated Ca2+ channels (6). Thus it seemed that L-methionine and/ or 3-DAA plus HCTL might directly affect the contractile system(s) in uterine muscle.
In this work, we investigated the general characteristics of calcium-dependent super precipitation of uterine myosin B from estradiol-treated rats and then tested whether L-methionine and/or 3-DAA plus HCTL affect this calcium-dependent superprecipi tation.
Materials and Methods
Virgin female Wistar rats weighing about 150 g were used. They were given 10 icg of estradiol by i.s. Injection, once every 12 hr for 48 hr without regard to the stage of the estrous cycle. Uterine smooth muscle from the estradiol-treated rats was prepared as described previously (6).
Preparations of uterine myosin B and chicken gizzard myosin B: The estradiol treated rats were stunned by a blow on the head, and the uterine horns were removed and placed in Ringer's solution [the ionic composition of this Ringer was described previously (6)]. The uterine horns were then freed from fat and loosely bound connective tissue, and each horn was divided longi tudinally into several segments (about 1.5x12 mm) as rapidly as possible. Blood was removed from the segments by placing them in Ringer's solution and bubbling the solution vigorously with 5% CO2 in 02 for about 20 min at 30°C. All the following procedures for preparation of uterine myosin B were done at 4°C unless otherwise indicated. The segmented muscles were into small pieces and homogenized in 3 ml (total volume) of homogenization solution [20 mM Tris-HCI, pH 7.4 at 30°C; 1 M KCI; 1 mM DTT; 5 mM ATP-Tris, pH 7.4 at 30°C; and 1 /cg/ml leupeptin] using a physcotron (Niti on Co., Tokyo, Japan) for three 10 sec periods. The homogenate was placed in an ice-bath for 10 min and then centrifuged at 2000 g for 15 min. The supernatant was dialyzed for 3.5 hr against 1000 ml of dialysis solution containing: 20 mM Tris-HCI, pH 7.4 at 30°C; 600 mM KCI; 1 mM DTT; and 2 mM EGTA-Tris, pH 7.4 at 30°C. This dialyzed sample of uterine myosin B was used for experiments on superprecipitation and was always prepared on the day of the experiment.
Chicken gizzard myosin B was prepared by the method of Hirata et al. mg of protein) of uterine myosin B was added to a cuvette containing 720 u l of reaction medium consisting of: 20 mM Tris-HCI, pH 7.4 at 30°C; 1 mM DTT; 1 mM EGTA-Tris, pH 7.4 at 30°C; 10 mM MgCl2; and 1.4 mM CaC12. The mixture was incubated for 3 min at 30°C, unless otherwise indicated. Then superprecipitation was initi ated by adding ATP (1 mM, pH 7.4 at 30°C) in a small volume (less than 2% of the total volume of the reaction system). Therefore, the reaction system (designated as the complete medium) consisted of 20 mM Tris HCI (pH 7.4 at 30°C), 1 mM DTT, 60 mM KCI, 1.1 mM EGTA-Tris (pH 7.4 at 30°C), 9 mM MgCI2, 1.26 mM CaC12 and 1 mM ATP, unless otherwise indicated, in a final volume of 800 M. For examination of the effects of L-methionine, 3-DAA plus HCTL, TFP and W-7, these reagents (in volumes of less than 2% of the total volume of the reaction system) were added about 30 sec before the uterine myosin B. As a control, the same volume of a solution of 20 mM Tris-HCI (pH 7.4 at 30°C) and 1 mM DTT was added to the cuvette instead of these reagents.
Superprecipitation was followed at 30°C by recording changes in optical density at 660 nm in a double beam spec trophotometer (Type 557, Hitachi Co., Tokyo, Japan).
SDS-PAGE of superprecipitated uterine myosin B: Uterine myosin B was incubated in the complete medium for 3 min at 30°C, ATP (1 mM) was added and the reaction mixture was promptly centrifuged at 2000 g for 15 min at 4°C. The resulting precipitate was subjected to SDS-PAGE (in running gel containing 10% polyacrylamide) in a Tris glycine buffer system by a slight modification of the method of Laemmli (9). Bands of protein were stained with 0.1% Coomassie Brilliant Blue R 250 in water isopropyl alcohol-acetic acid (10-1:1), and the stained gels were scanned with a densitometer (CS-910, Shimadzu, Co., Kyoto, Japan). Chicken gizzard myosin B was used as a standard for actin, myosin and tropomyosin.
Other 
Results
Characteristics of superprecipitation of uterine myosin B: Figure 1 shows represen tative tracings of the superprecipitations of uterine myosin B in complete medium and complete medium without 1.26 mM CaC12 or 9 mM MgC12 or both. Superprecipitation was started at zero time by addition of ATP (1 mM) and reached a plateau after about 15 min. When ATP was not added to cuvettes containing the above mixtures, the absor bance at 660 nm reached a plateau about 10 min after addition of uterine myosin B, but then did not change for about 40 min (data not shown).
The superprecipitation was dependent on calcium and magnesium, in dicating that these ions were essential for the maximal superprecipitation of uterine myosin B.
The superprecipitations of uterine myosin B as a function of ATP concentration at 3 min (slope phase) and 10-15 min (plateau phase) after addition of ATP in the absence and presence of 1.26 mM CaCl2 are shown in Fig. 2A . The slope and plateau phases of calcium-dependent superprecipitation reach ed plateaus at 500 ,eM ATP, and the concen trations of ATP for half-maximum responses (ED50 value) in the slope and plateau phases were 118±32 (n=4) and 165±37 (n=4) i€M, respectively. These findings indicate that calcium-dependent superprecipitation de pends upon the concentration of ATP; and accordingly, 1 mM ATP was used in all subsequent experiments unless otherwise indicated. The slope and plateau phases of the superprecipitation after addition of ATP (1 mM) also depended on the concentration of MgCl2, being maximal at 18 and 9 mM MgCl2, respectively (Fig. 2B) . The ED50 values of MgCl2 in the slope and plateau phases were 4.94±0.15 (n=4) and 2.87±1.09 (n=4) mM, respectively. Since these findings show that the calcium-dependent super precipitation depends upon the concen tration of MgCl2, 9 MM MgCl2 was used in all subsequent experiments unless otherwise indicated. Figure 2C shows the effects of the concentration of free CaC12 on the slope and plateau phases of the superprecipitation of uterine myosin B after addition of ATP (1 mM). The slope and plateau phases reached plateaus at 160 aM CaC12. The ED50 values of added CaCl2 for the slope and plateau phases were 1.78±0.01 (n=4) and 1.12±0.01 (n=4) /iM, respectively.
Since the super precipitation depended on the concentration of free CaC12, the concentration of free CaC12 used was 160 i M in all subsequent experi ments, unless otherwise indicated.
To determine whether calmodulin is involved in the superprecipitation of uterine myosin B, the effects of the calmodulin antagonists TFP and W-7 (12, 13) were investigated (Fig. 3, A 
and B). TFP (25-200
iiM) inhibited the slope and plateau phases of calcium-dependent superprecipitation dose-dependently (Fig. 3A) , but not those of superprecipitation in the absence of CaC12. The concentrations of TFP for 50% inhibition (IC50) of the slope and plateau phases of calcium-dependent superprecipitation were 56.3±4.5 (n=4) and 69.0±2.8 (n=4) fM, respectively.
W-7 (50-400 ,aM) inhibited the slope phase of calcium-dependent super precipitation dose-dependently, but did not inhibit the reaction in the absence of CaC12 (Fig. 3B) . It scarcely inhibited the plateau phase of superprecipitation in the presence of CaC12, and at 200 and 400 ,aM, it enhanced that in the absence of CaC12. The IC50 values of W-7 for the slope and plateau phases of calcium-dependent superprecipi tation were 146±10 (n=4) and 240±32 (n=4) ,uM, respectively. These results with TFP and W-7 suggest that calmodulin is involved in calcium-dependent superprecipi tation of uterine myosin B.
To determine whether the superprecipi tation of uterine myosin B is due to uterine actin-myosin interaction, we examined the precipitate by SDS-PAGE as described in Materials and Methods. Figure 4B shows the electrophotogram of uterine myosin B, and Fig. 4A also shows that of chicken gizzard myosin B for comparison.
The positions of actin and myosin of chicken gizzard myosin B coincided with the main bands of uterine myosin B, indicating that the superprecipi tation of uterine myosin B was due to actin myosin interaction, although rat uterine myosin B was a more crude sample than chicken gizzard myosin B as shown in Fig. 4 , A and B.
Effects of L-methionine and 3-DAA plus HCTL on the superprecipitation of uterine myosin B: The effects of 3 mM L-methionine and 500 pM 3-DAA plus 1 mM HCTL on the superprecipitation in the presence of 1 mM and 0.1 mM ATP [which elicited maximal and about half-maximal superprecipitation, respectively ( Fig. 2A) ] are shown in Fig. 5 . L-Methionine did not significantly affect the slope or plateau phase of superprecipitation in the presence of 1 mM or 0.1 mM ATP, although it slightly, but not significantly, increased the slope phase in the presence of 1 mM ATP. The SAM-dependent trans methylation blockers 500 /iM 3-DAA plus 1 mM HCTL caused 9 to 20% decrease in the slope and plateau phases of calcium dependent superprecipitation in the presence of 1 mM and 0.1 mM ATP, the inhibitory effects on both phases in the presence of 0.1 mM ATP being significant (P<0.02). Pre viously we found that 500 i M 3-DAA plus 1 mM HCTL almost completely inhibited the contractile responses of isolated uterine muscle to ACh and high KCI in Ca-depleted Ringer's solution on addition of CaCl2 (5). Neither 3 mM L-methionine nor 500 W 3 DAA plus 1 mM HCTL affected the slope or plateau phase of calcium-independent (basal) superprecipitation in the presence of 1 mM or 0.1 mM ATP.
L-Methionine (0.1-3000 /tM) and SAM (0.1-100 i M) did not significantly affect the superprecipitation of uterine myosin B in the presence of 0.1 mM or 1 mM ATP (data not shown). Columns and bars are means and S.E.so for four to eight animals. **P-0 .01 : significance of difference from calcium-dependent superprecipitation in the control. *N.S.: not significant.
Discussion
The main findings in the present study were as follows: 1) The slope and plateau phases of superprecipitation of myosin B from the uterus of estradiol-treated rats were dependent on ATP, calcium and magnesium.
2) The calmodulin antagonists, TFP and W-7, inhibited the slope and plateau phases of calcium-dependent superprecipitation, but not those of basal-superprecipitation.
3) SDS-PAGE of the precipitate -from the com plete reaction medium showed the presence of actin and myosin. 4) L-Methionine at 3 mM scarcely affected the slope or plateau phase of either the basal or calcium-dependent super precipitation, while 500 /cM 3-DAA plus 1 mM HCTL [concentrations that almost completely inhibited the contractile responses of isolated uterine muscle to ACh and high KCI in Ca-depleted Ringer's solution on addition of CaCl2 (5)] caused only 9 to 20% decrease in the calcium-dependent super precipitation in the presence of 0.1 mM or 1 mM ATP.
The basal and calcium-dependent super precipitations of uterine myosin B in com plete medium reached the plateau phase in 10-15 min. This time course of superprecipi tation is similar to that of bovine aortic native actomyosin reported by Hidaka et al. (12) and Silver et al. (14) , but less than that of crude actomyosin from chicken gizzard (15) .
TFP (16) and (17) W-7 are reported to inhibit a variety of enzyme reactions and biological processes that are stimulated by calmodulin in the presence of calcium ions. In smooth muscle, calmodulin is an integral part of the contractile apparatus and is responsible for calcium-dependent activation of myosin light chain kinase (18) . We found that TFP and W-7 inhibited the calcium dependent superprecipitation of uterine myosin B [e.g., their IC50 values on the slope phase were 56.3±4.5 (n=4) and 146±10 (n=4) /iM, respectively]. These IC50 values were compatible with that of W-7 for various potassium-contracted arteries (12) and those of TFP and W-7 for potassium-contracted porcine coronary arteries (19) . Therefore, our findings with TFP and W-7 suggest that calmodulin is involved in superprecipitation of uterine myosin B.
Recently, we found that L-methionine enhanced the contractile responses of isolated rat uterine muscle to ACh and high KCI in Ca-depleted Ringer's solution on addition of CaCI2, and we observed that the inhibitory effect of 3-DAA plus HCTL on the con tractile responses to ACh and high KCI was attenuated by L-methionine (4, 5). One possible explanation for these findings seemed to be that L-methionine and/or 3 DAA plus HCTL might have direct effects on the contractile system(s) in uterine muscle because the contractile responses of the muscle to ACh and high KCI were used as indicators of Ca2+ influxes through ACh and voltage-operated Ca channels as discussed previously (5, 6). However, this possibility now seems unlikely because 3 mM L methionine did not significantly affect the calcium-dependent superprecipitation of uterine myosin B and because the concen trations of 500 PM 3-DAA and 1 mM HCTL, which almost completely inhibited the con tractile responses of isolated uterine muscle to ACh and high KCI in Ca-depleted Ringer's solution on addition of CaCI2 (5), caused only 9 to 20% decrease in the calcium dependent superprecipitation (Fig. 5) . Gagnon et al. (20) reported that calmodulin is a good substrate for protein carboxyl methyltransf erase and that methylated cal modulin inhibits the stimulatory effect of calmodulin on cyclic nucleotide phosphodies terase. In the same manner, if methylated calmodulin attenuates the effect of cal modulin on the contractile response of smooth muscle, superprecipitation of uterine myosin B should be affected by L-methionine, SAM and blockers of SAM-dependent transmethylation.
However, L-methionine (0.1-3000 itM), SAM (0.1-100 ,aM) and 3 DAA (500 ,uM) plus HCTL (1 mM) did not significantly affect the superprecipitation of uterine myosin B in the presence of 0.1 mM or 1 mM ATP (see Results). Moreover, we found previously that L-methionine enhanced, rather than inhibited, the contractile responses of rat uterine muscle to ACh and high KCI in Ca-depleted Ringer's solution on addition of CaCI2 (4, 5). These findings suggest that the calmodulin involved in the contractile response of rat uterine muscle may be scarcely methylated.
Calcium-dependent superprecipitation of myosin B is generally considered to reflect the interaction of actin-myosin (contractile response) in smooth muscle, but in fact crude and physiologically intact actomyosin may behave differently. Therefore, our results do not fully exclude possibility that L methionine and/or 3-DAA plus HCTL directly affect the contractile system(s) in intact uterine muscle. Further investigations are need to clarify this point.
